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ELECTROCHDIICAL ENGINES FOR POUER GENERATION ANI LOAD-LEVELING
AT SITES FOi. UMDERGROMIL COA'. CONVLASION

Guy R. B. Elliott
Nichelas E. Vanderborgh

Los Alamos Scientific Laboratory
Los Alamos, N¥ B7545

ABSTRACT

The integration of fuel generation by under-
ground processing of coal with comm. lal consump-
tion of the fuel at the mine site offers highly
efficient utilization of energy. Commercial ver-
sions of Li/]: electrochemical engines to be used
in orc wayv of integration are postulated, described
ancd evaluated onthe basis of laboratory and theo-
retical studies. These¢ engines are shown to be
valuable for electric power generation and storage
in connection with underground coal conversion (UCQ
in arid land sucl, as Northwestern New Mexico. Such
engines, conbined with UCC, could convert roughly
26% of the coal enerpy to electric power while re-
covering about !X of the energy as pyrolysis
lhiydrocarbons. The engines also provide load level-
ing so that peak power generators would be un-
necessary.

WATERLESS ELECTRIC POWER GENERATION, power storage,
coal gasification, and hydrecarbon synthesis arc
oftered at aricd sites. In this example of inte-
grated fucl-gencration and power-generation systems.
UCC (underground coal conversion) is operated along
with Li/12 elcctrochemical enpines (1-4)* which
heve been tested in laboratory devices at the Los
Alamos Scientific Laboratoryv. This paper describes
the devicer and analyzes how commercisl models
would be cxpected to perform in the joint functions
of gencration and load-leveling at a UCC sitc which
also gencrates pyrolysis products and moderately
low=Bru fucl gases.

THE NEED FOR THIS SYSTEM

Water - The Southwestern United States has
large coal deposits wvhich could replace the vanigh-~
ing oil and gas deposite and provide energy for the
region from Texar to Californmia. However, much of
the shallow and strippable coal is already tied up
for large energy projects, and deep mining by con-
ventional means is not satisfactory for any of mev-
eral reasons involving saofety, economics, or envi-
ronment. 1o reach the now-unavailable coal, LASL
has turned to UCC (underground coal conversion).

For the UCC LASI. hae sousht waterleses methods
for conversion of the ~oa) to recovered gaseous or
liquid fuels. For the lonp term, such wvaterless
methods are probablv the only ones which will be

politically acceptable for new projects in the re-
gion—nev water uses for non-agricultural purposcs
take land out of farmirg, and there is a powrrful
political impact involved in the distribution of
water rights.

The commercial products in the LASL concept
of UCC are fucl gases and liquid chamical feedstocks
froz pyrolysis,plus fuel gases of about 250 Btu/SCF
from the gasification of the char which remains
after the pyrolysis. Under present economic con-
ditions, this latter fuel gas must be consumed
essentially on site bec-usc it is& too low in Btu
content to warrant lor listance shipping.

But here we meet least @ modest impasse be-
cause the present coal-fired electric generation
stations coneume much water. Although water for
power generation has been obtained in the past, it
vill be much wore difficult for new plants toobtair
the wvater that would be needed for conventional
electric powuvr generation.

Lithium/iodine electrochemical enginee, how-
ever, would not require this additional water be-
cause they would operate as small units in large
groups for which air cocling would be simple.

Load-leveling - The hourly variation of elec-
tric power usage coupled with an absence of adcquatc
devices for large-scale ancrgy storage has led to
both energy-wasteful marketing of electric power and
corollary political arguments about the waste.

Along with the ability of Li/l; electrical en-
gines to generate pover from heat, they also offer
large scale encrgy storage for periods upto 48hrs.

Reliability and Dispersal - As electric power
generators in the U.S, have become larger, the im~
pacts of equipment railures and other interruptions
have become very great.

Electrochemical engines in generating stations
would be operated as suall, separate modulesr which
could individually be replaced with only very minor
impact on the overall production of the plant.

Also, electrochemical engines use a new con-
cr, t in cnergy conversion in which the work product
appears diract]ly as electrochemical work--no mechan-
ical action is required except for periodic switch-
ing.** As corollary, many problems associlated with
pechanical wear at high temperatures can bs avoided
if one turns to electrochemical engines for power
feneration.

% Number in parsnthesaes designate References at
end of paper.

Wk Auxiliary mecharical actions such as the oper-
ation of cooling fanm may be used as a convenience,
but they are not ne:essary.
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INTEGRATED UCC AND POWEF GENERATION

It has long been recognized that the overall
efficliency of fucl csage can be increased if the
waste heat of industrial fuel comsumption can be
turned to low-grade use: such as home and commercial
space heating. (Where the industrial process re-
quiring heat is the process of generating electric
power, the integrated usape 15 now sometimes called
cogeneration.) A major factor in Sweden's highly
efficient fuel usage lies witl the faet that waste
industrial heat can be delivered to residential
areas for reusc,

In & related argument GE-Tempo (5) emphasizes
that, from the standpoint of fuel usage efficlency,
one should seck to avoid using high-grade heat such
as gas fires for low-grade uses sucl as home heat-
ing. Speaking more specifically, onc idcally should
match the heat needed to the heat source, carrying
out a series of processes in which the temperature
of the heat drops and the waste heat of onc process
becomes the heat source of the next process. Of
course, the delivery of the heat from one area of
need to another can become a major economic and
engineering limitation on such fuel usage.

In the power gencration field, most power is
now generated in single-cycle operations in which
the hea: 1s used essentially once, although somc
heat is recycled by preheating water which must be
heated anyway in the boillers. It is widely empha-
sized that present steam turbine systems achicve
less than 40%-efficient heat usage, and more
efficient multiple-cycle operation are sought,
e.g., topping steam turbine operations by first
using the high-temperature hcat of fuel combustion
to drive high-temperature gas turbines, then using
the rejected gas turbine heat to operate steam
turbines.

It has been pointed out (e.g., 6,7), but Is not
widely recognized, that integrating power generation
with UCC can do much to increase the overall ef-
ficiency of fuel usage. Herce one ideally will
clicosc a high temperature generator and will usc
the rejected generator heat to peform underground
processes. Here the rejected heat replaces coail
combustion which would have beeu necdued if rejected
heat werc not used. As a consequence multiple
cycles, including the use of stcam-electric gener-
ators, will not bc necessary at UCC sites.

Several high temperature generation schemes
are on the horizon including high temperature gas
turbines, MiiD, high temperaturc fuel cells, high
temperature electrochemical engines (8), and po-
tassilum-vapor turbines. Some of these schemes
vhen combined with the UCC to utilize rejected heat,
could lead to efficiencies well over 50.. Perhaps
most promising are the high-temperature fuel cells
burninz UCC fuel gases of 100-250 Btu/SCF. Howcever,
nonc of these systems arc operable because of un-
solved praoblems such as hot gas cleanup to remove
§05/503, NO,, and particulates.

Because of the many problems with these new
schemes just mentioned, LASL has turned to exist-
ing technology (i.e., low-temperature technology)
for its prement integrated UCC/electric power
generation concept. Thies decision lowers the po-
tential efficiency, but it gains in the likelihood
of process Auccess in the near future.

Before turning to the ramifications of this
decision, we will discuss a lower-temperature

electrochezical engine for whicl the gac clearn:;
will be accomplisnec by conventional means and fcr
which the materialce problem: will be lese difficile
thar. for the ver:y higrh-temperature devices.

THE CONCEPT OF ELECTROCHEMICAL ENTGINLE

Electrochezical engines are both eleciric power
generator: and bacteries--changing froc zenerazion
to storape 16 a simple switching operation. As gen-
erators they utilize a limited conversior of heal t:
work to assist the charging of epecial batterics s
that the charpirny vcltage can be smaller than the
discharging voltage.

The emf gain just mentioned can be effiected fay
by constructing cells and ccll stacks (batteries)
vhose discharge and recharze reactions involwe tie
consumption and regencratior of a condensiule gas,
and {b) by attaching a condenser to eacl cell stacr
so that control of the condenser temperature ca: Le
used also to control the gas pressurc and thereu: the
er.f of the cecll and battery react.nns.

(Thermodvnaric analyses of these clectrochemical
engines are given in the Appendix.)

For our present calculations we will consider
electrochemicz]l engines in which lithium metal re-
acts with gascour lodine. Two separate, sealced,
and evacuated stacks of 100 electrochemical cells
will be usded to make up one electrochemical engiuc.
Within either stack, if the condenser temperature
and the cell stack temperature are both 625 K, tl
iodine ga. pressurc is high and the voltape of that
stack is 272 V. When the condenser temperature i
298 I. and the cell stack temperature iu 625 ¥,
thken the iodinc gas pressure 1s low and the open
circuit voltage is 243 V.  (Mutually consisten:
theoretical and measurcd result: supporting thesc
values are given in the Appendix.)

If thesc twe cell stacks are connected n
electrical opposition, positive to positive, with
onc stack at 272 V and the other at 243 V, then
29 V can be delivered from the negative clectrode:
to an external load. Upon draining at low current
(near thermodvnarmic equilibriur), the 272 V clil
stack will drain, hut the 243 V ccll stack will
charze simultaneouslv. The discharge at 272 V is
started with that cell stack fully charged and
with the 243 V cell stack fully discharged. Whe
the 272 V starck has discharged, und the 243 V
stack has simultaneously been fully charged, ther
the condenser roles are reversed=-the hotcondenscer
(272 V side¢) 1s cooled, and the cool condenscr
(243 V side) 1is heated. Now current will again
flow but with a different direction which can be
oriented for the external load by external switch-
inp.

In this process there is no net consumption of
the elextrochemical reactants in the cells, but heat
must be supplied--somc of this heat at 625 K Is
converted to electrical power, and other heat is
degraded from 625 K to 298 K.

A POSTULATED COMMERCIAL 1.4/1., ELECTROCHEMICAL ENGINI

Consistent with the thefmodynamic and kinctic
information presented in the Appendix, we have de-
signed (but not produced) an electrochemical engine
which would perform in a commercially competive
manner.

The Cell Design - Fig. 1 is a promising cell
design suitable for mass production. Five differ-
ent types nf solid parts are shown. Electrolyte
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will be ad:- : afzer assemtiv into cell-statk unides;
the liguis u:! gaseous fell reaziants will be fors-
¢ at the generatiny statiorn bv electrolvsis. Con-
sequently handlin. and shipyiny ¢! hazarzous cher-

ieale (lithiur metal and esclecular fodingd will be

elizinated.

2
N
“)
ias-.. ulames
Solo niie iaberatary
o .y of Salemmn
D - [— 3 —1
--—-'— et Gt

POROUS GRAPHITE D2 cm

Zr Op FELT SEPARATOR O.lcm

POROUS IRON O.2em

PYREX DISH 0.3-em DEEP

TUNGSTEN CONNECTOR WIRE

Fir. 1 - Postulated commercial design of i/l

elucirocherizal engine cells. 2

The parts of this cell are analopous to those
discusked in the Appendix, but the design has been
modificd te oprimize the performance. (A) The
cells have been widened and thinned to give 2000 cm?
workinr arca and te allow many cells te be put into
eack cell-stack. (B) The tungsten connectors are
now rods. They extenéd 0.5 cm belowthe bottor of the
Pvrex cup in wihich thev are sealed, thereby both
providing an electrical connection tu the cell be-
low and acting as spaceir to open a path for vapor
transport, (C) A central hole has been introduced
in th¢ cellr sc that the condenser can be very close
to the vapor path from the cells yet radiative
losses to the condenser from the cell edges will be
small compared teo the total process heat tranaferred.

The Cell-Stuck Uni: - One hundred cells (Fig.2)
arce stacked in a double cylindrical container made
from protected steel. The cells touck the outer
cylinder, but the inside cylinder (25 cm OD) ie
smaller than the noles in the cells (30 em 1D).
This construction allows heat to be supplied tothe
outside region while the insidc region serves as a
condenser, efnd the space between the cellr and th:
condenscr presents unrestricted vapor paths. An
open Tegion below the cells server as the 12 reser-
voir.

When the construction of the cell-stack unit is
essentially completc, the unit is dipped into a bathk
of molten electrolvte, then drained, thereby filli-
ing the cells with electrolyte. Note that this
method of construction and loading allows the cells
and cell=stacks to be mass produced, and handling
of the hygroscopic electrolyte is minimized.

CELL STACK

I RESERVOIR
CONDENSER

Fig. 2 = Onc cell-stack urnit of an Li/l,
c¢lectrochemical engine showing the cell=stack,
condenser, and I, reseivolr., O 60 em, IL

25 cm. 2

Finally the cell-stack units arc evacuated and
sealed. Once sealud, a cell-stack unit is not opened
again.

The Li/1, Electrochemical Engine Design - An
electrochcmicni engine unit is shown in Fig. 3. [wo
or morc such units are operated in electrochemicul
opposition as 1s dlscussed for the laboratory engine
model in the Appendix.

RELAY RA
NEATER ELAY OPERATED DOOR

EXHAUST

INSULATING COVER

CELL-STACK UNIT

ELECTRICAL LEADS
FROM ENGINE

WEATER
H‘B" COOLING FAN
) A

lol‘::‘.;ll-n
“EERL =

QAN

w0en—]

Fig. 3 = Li/1, electrochemical engine unit.
(Twe or more Such units make up an electro-
chemicul engine.)
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For operatinp with UCC the heat will be sup-

plied either as sensihle heat or through combustion.

Cooling will be by ambieat air--if warer is avail-
able a small amount of cooling of the air by water
wick might be usec in hot weather.

Anticipated Engine Performanze - Consistent with
thermodynamic calculations, with experimental per-
formance (see Appandix) for charge and discharge,
and with estimated effects of concentration changes
as the engines are cyecled, we anticipate that
engineawill operatc as is indicated in Table 1.

Table 1 - Performance estimates for proposed
Lill2 electrochemical engines.

One Engine - Two Cell-Stack Units
Cells 2 x 100 200

Cell area each cell 2000 cmz 2
Specific resistance 0.8 ohm em
Generation Mode - Two Cell-Stack Unite
Emf 29 vocC
Current 50 amps
Calculated efficiency* 37 %
Pover 1.1 Kw
Storage Mode - One of the Two Cell-Stack Units
Exf 272 voC
Current 40 amps
Calculated efficiency* >95 %
Power 11 Kw
Capacity 40 KwH

*Includes internal resistance and estimated
concentration polarization.

Li/lz ELECTROCHEMICAL ENGINES INTEGRATED WITH UCC
BY THE LASI. CONCEPT

The Li/79 electrochemical engines operatc at
625 K and thereby avoid many of the high temperaturc
problems of the proposed new gencrators mentioned
earlier--development and demonstration of such
engines should proceed rapidly. As noted earlier
and in the Appendix, thesec Li/I, electrochemical
engines have major advantages for the arid West
and elsewhere.

A. They do not require water.

B. They storc as well a. generate power, thus
the generators can be switched as needed
to load leveling.

C. They are highly efficient.

D. They are built in small modules. As such
they can be replaced easily by electricians
in case of malfunction.

E. They offer high reliability because of the
large number of units needed in any large
operation.

Heat Available for Generation - Consider that
we will start with a char from pyrolysis of a
Fruitland coal. Pyrolysis at 725 K will have re-
covered about 22% of the coal's heating value both
as fuel gas at about 500 Btu/SCF and as valuable
liquid hydrocarbons.

The remaining 78% of the heating value is in
char which will be gasified to low Btu fuel. Air
combustion of this low-Btu gas will produce hot gpas
which can deliver about 87% of its heat content
at 625 K. This heat is 68% of the total heating
valuc of the coal.

Consistent with discussion i the Appendix the
energy conversior of the electrochexmical ernginc 1s
giver by (the Carnot efficiency: x (the ratiz cf
real to idcal cell voltage during drairn) x (the
fraction of the coal's heating value whici. is found
in the char) x (the fraztion of the hear of char
combustion which is available at 625 V¥, or

(625-298, (21)
(625) (29,

and about 246% of the coal's energ: appears as elec-
trical energy.

The unused hea: which an electrocherical engine
canaot accept becausc it is under 625 K can be put
underground for prelicinary drving. leat exchanyers
will not bu needed for such drying=-just moving the
hot gas through the moist coal wil) be sufficien:.
Here (0/7&)(0.13) or about 107 of the original heat
of combustion of the coal could bt deliverced under-
ground.

For Fruitland coal only about a third of tuat
10% waste energy could be used for drying coal, but
in wetter areas most of the 107 could be used.

Thus the Frultland coals of arid Northwestern
New Mexico, recovered by UCC and utilized by Li/l-
electrochemical engines, could deliver the follow-
ing percentages of the initial energy of comjiety
combhustion:

(0.7&) (0.E7)

Electric power output 267
Hydrocarbon recovery 227
Prcheating 3.
Waste heat 497

More elaborate heat usage schemer could do
even better than 51 utilization, but the estimates
in the calculation do not warrant further refince~
ment .

Fig. 4 shows how a community's business and
home usage could be filled by keeping electrocher-
ical engines working at all times but gradually
switching the engines into and out of storay.. This
load leveling is important bhecause peak powir
normally costs roughly three times at much to pro-
duce as does baseload. Herc there is no need for
peak load generators.

20 T T T T T

Ioﬁé%ﬂ:::;
Isr e

i ”’LY
FROM -»

ok ik e .
[ 3 e ] 1 ] 3 ) ] 2
AM PM
Fig. 4 - load-lsveling by electrocherical engline.
(Maximu generation of 10 N’ decreases as
engines move from gensration to storace.
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Tue corresponding electricity generation
efficiency is 0.2€/C.€€ or 39.. This ~- 39" com-
pares well with the bes: stean cvele efficiencies
notec earlier (w4071 ani is better thar averaze
steas cvele efficicncier (.337).

Likewise the present svsten steores energy for
}rak periods. Peak generation now is ~2CLefficient
ir. the better svstems.

Squire: (1{) has calculated & combined cycle
(high-temperature gas turbines plus stear turbines)
efficlencr of 517 for conversion of delivered coal
to electric pover. Westinghouse is attempting to
develop such turbines plus the high tempcerature
fuel-gas cleanuj procedures to be used with thet.
These systems will not soon be modified for use
with UCC svstems.

The presenr li/l, electrechemical engines
might usefullv be combined witl the very high-
tecperature svster mentioned earlier (the gas
turbines above, MHD, the sodiur heat engine,
potassiur vapor turbine, etc.), but these develop-
ments are not far enough along to warrant combined-
cycie calculation ve:.

SUMMARY

The UCC—L1/12 electrocherical engine combin~
atior. offerr very iInteresting possibilities for
electricity generation and hyvdrocarbon recovery
fror. Southwestern coals.
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DEAIN PERFORMANCE
EN.INES

APTENDIY - THE
OF LITHILM/TI0DINE

ECUVILIBRIDM AND
ELECTRUCHLMICAL

Thermodvnazics - Consider a reactior in wnich
gaseocus iodine reacts with melten mertallic lithiuz
to produce liquid lithiux iodide.

2 = 21i:

(H 1)

Moy Y e

If the reaction takes place in an electrochercical
cell, the Gibbs free energ: LG, of the process can
be extracted as useful electrochemical work. At a
temperaturc where I, is the only vonlatile component
this free energy and voltage will be given b

4G = -nFE = 4G° - RT 1n (£, /£9)

12 1,
= LGO® - RT In P (2)
Iﬂ

where the
pressure,

gas fugacity, f, is assumed equal to ite
P, and where the refercnce fugacities arc
for 1 atm of iodine and for the condenscd phases of
the other reactants and products,

Figure 5 shows a schematic drawing of a cell
design which has been used in our labeoratory studies.
In the figure a Pyrex cup with tungsten electrical
connecter is shown holding three layvers »>f materials.
The top laver 1e a porous graphite disk on which the
iodine reacts electrochemically. The middle laver is
shown as a zirconia felt pad, but other materials can
also be :sed. This middle layer supports the graphite
disk above it, thus providing insulation against
electronic short-circuits between the graphite and
the nickel felt below. The zirconja felt pad is
porous. The lower layer in the Pyrex cup 1is porous
nickel felt which holds the lithium cell reactant.

A molten electrolyte containing Lil (plus other salts
to lover its melting point) wuts into void spaces in
al) three lavers, completelv filling the voids in the
lower two lavers and partially filling the porous
graphite by capillary wetting.

PORDS GRAPHIT[ WI' B~
MOLTFN ELECTRO, v 7!
1ODINE REACTS HERE

'

LOW-MELTING RECTRD VY QY

o 2r 0p FELT SEPARLTOR

]

TTSMIOTAL NIGA VT RUETTRLDE
L on Nv
CLASS o P

TUNGSTEN CONNECTOR

Fig. 5 - Laboratory model of Li/1, electro-
chemical engine cell. <

Electric power can be supplied by the ¢cll from
connections to the lithium=nickel felt-tungsten
negative electrode and to the iodine-porous graphite
positive electrode. The open circuit (no-drain)
voltage of such a cell is calculable from thermo-
dynamic data as in Eq. 2. Values for /GO at ele-
vated temperatures are available from thc JANAF
Tables (9).

Eiliott and Vanderborgh
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For a pressure of 1 atz of 12 and a cell temper-
ature of 625 1

-46,122 L = =121,800 - 4.575(625)1og 1

(1 atm)

= 2.64 volts (3)

E(] atm)

For 20 atm which is the vapor pressure of 1, at 625K

2

= 2.72 volts (4)

E(20 atm)
and for 0.000405 atm which is the vapor prersure of
12 at room temperaturc

2.43 volts (5)

E (0.000405 atm)™

As corollary if two cells are set in electrical
opposition, positive-to-positive and negative-to-
external load-to-negative, and if both cells are at
the same temperature and pressure, e.g., 86 with
Eq. 4 above, then no current will flow ‘and no ex-
ternal work can be done. However, if the pressure
in one cell is then changed, e.g., to that in Ej. 5
above, then the two different voltages will not
balance. In this case 2.72-2.43 = 0.29 volts applies
across the external load, and this voltage is avail-
able through a large external load to do work, nFf =
(46122)(0.29) calories per mole of iodine reacted in
each cell. This work appears at the expense of heat
supplied to the system at 625 V.

The Carnot limit of the process appears because
the heat of vaporization of iodine must be supplied
at 625 K, and the heat of condensation 1s discharged
at 298 K. In terms of tamperature the maximum
efficiency is

effnax = (625-298)/625 = 0.52 (6)

Performance Under Drain - Although the 0.29 volts
above 1is available for infinitely slow drain (one cell
discharges while the other cell charges), the voltage
for finite electricel drain will always be reduced
from this value.

One can speak of the current, I; the external
resistance, Re ; and the inteinal resistance of a

Then

Xt

draining cell, Rint'

= I(Rext + R (€))

iny)

For two cells in electrical opposition with the
1, pressure differences above, and assuming the
internal resistance does not differ for discharging
and for charging

t + ZRint)

0.29 = I(Rex (8)

In practice wve do find very small and constant
internal resistances for Li/l1, electrochemical cells
of the type used in electrochemical engines. Speci-
fically, we have measured values as low as 0.8 ohm-
cnl from 0.25 ampe/cm? discharge to 0.80 amps/cm?
charge. Such remurkable behavior could only be
found in moiten salt systems.

These cells can be stacked into batteries, and
a common reservoir can jolntly be used for all the

cells 1n each battery. Fig. 6 snows tnis usage in
laboratory electrochemical engines.

CATHODE
LEADS
EVACUATED
BATTERIES
IN PAIRS
CELL
STACK
1]
ANODE
LEANS — —
TI TI

CONDENSERS:

INSULATI

ON

COCLANT FLOW
ONLY DURING —<
CHARGING PHASE

Fig.6 ~ Laboratory model of Li/!z electrochemical
engine.

N

These electruchemical enpines do operate con-
gistent with thermodvnamic prediction, but this
laboratory design does not permit a practical rate
of transfer of iodine vapor--for the commercial
devices a more open region by the positive elec-
trodes and more direct access to the condenscr is
necessary.

In the pover-generation madc the generation
cycle starts with one cell-stack unit fully charped
and at uniform temperature (e.g., T, = 625 K, con-
denser T, = 298 K on the right). 1In this half cycle
the currént flows through both cell-stack units and
through an external load across the anode leads,
thereby (a) discharging the left cell-stack unit,
(b) charging the right cell-stuck unit, and (c) do-
ing external work. When the left cell-stack unit
is discharged and the right cell-stack unit is
charged, then the temperature roles are reversed and
the direction of the current is also reversed (requir-
ing an external switching). At the end of this
second half cycle the engine has returned to its
original condition, and work has been performed at
the expense of degradation of heat.
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For storage the cell-stack units are discon-
nected at the cathode leads (Fig. 6) and T, = T,
is maintained throughout. Then each cell-5tack”
unit acts as ar independent storage battery. Such
tatteries have excellent efficiencies and large
capacities.

More cormercially realistic units aredescribed
in the body of this paper.
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